The impacts of forest fragmentation on both reproductive biology and genetic diversity of native plant species is hardly understood, despite some studies have analyzed this current worldwide problem. Since this constitutes one of the main threats to seasonal semi-deciduous forests in Southeastern Brazil, we investigated the reproductive success and the genetic diversity of a distylous, understory shrub (Psychotria hastisepala) within this context of forest fragmentation. For this study, a set of seven forest fragments of sizes ranging from 4.1 to 168.7 hectares were chosen. The intervenient matrix comprised pastures (25-50%), monocultures (33-50%) and rural roads and buildings (14-28.5%). Overall, 91 plants (54 for the short-styled morph and 37 for the long-styled morph; mean of 6.5 plants per fragment) were investigated. To evaluate reproductive success, we quantified fruit and seed production under natural pollination; to evaluate genetic diversity and population structure, we employed iSSR markers on genomic DNA. Plants with the short-styled morph exhibited a significantly higher reproductive success than those with the long-styled morph; there was no association between seed production and size of the forest fragment. Levels of genetic diversity were positively associated with the number of plants per fragment; but they were not related to flower morph. AMOVA showed that about 65% of the overall genetic variation was attributed to the differences between plants within fragments. The results suggested that populations of P. hastisepala were susceptible to decline owing to forest fragmentation. Rev. Biol. Trop. 62 (1): 309-319. Epub 2014 March 01.
The Atlantic Forest is one of the most threatened rainforests in Brazil. Currently, only about 8% of the forest's original area remain intact, which represent little more than 1% of the entire Brazilian territory (Fundação S.O.S. Mata Atlântica, 2004) . impacts of forest fragmentation on both reproductive biology and genetic diversity of native plant species remains poorly understood, although some studies were undertaken (Tabarelli, Silva & Gascon, 2004; Goulart, Ribeiro & Louvato, 2005; Ramos & Santos, 2005; Lopes & Buzato, 2007) .
Forest fragmentation leads to habitat loss, which in turn may lead to plant extinction (Taki, Kevan & Ascher, 2007) . Moreover, forest management practices and land conversion to agriculture are factors that contribute significantly to extinctions at local scale given that they reduce both habitat quality (De Sanctis, Afo, Francesconi & Bruno, 2010) and population size of native species (Aizen & Feinsinger, 1994) . When compared to continuous forests, isolated forest fragments harbor low levels of genetic diversity owing mostly to limited gene flow and genetic drift (Frankham, Ballou & Bruno, 2002) . Longstanding isolation may increase endogamy (Ellstrand & Elam, 1993) , reduce reproductive success (Steffan-Dewenter & Tscharntke, 1999; Cunningham, 2000; Wolf & Harrison, 2001; Donaldson, Nänni & Zachariades, 2002) and interrupt the gene flow (González-Astorga & Nuñez-Farfán, 2001 ).
Distylous plant species have two types of floral morphs, which are placed reciprocally between stigma and anthers on distinct individuals (Barrett, 1992) : the long-styled morph (hereafter L morph) and the short-styled morph (hereafter S morph). Positioning anthers and stigmas at similar locations within a flower increases the precision of pollen transfer between morphs since both sexual organs contact similar parts of the pollinator (Ganders, 1979) .
Distylous species exhibit heteromorphic incompatibility, therefore fruiting occurs exclusively when legitimate pollination (S x L and L x S) takes place (Barrett, 1992) . Moreover, distylous species depend upon pollinators to accomplish legitimate pollination. Reduced pollination services, may appear if the distances among fragmented populations are greater than the foraging range of pollinators; if local pollinator populations declines significantly; or if long-distance pollinators avoid small plant populations (Kearns, inouye & Waser, 1998) . As a result of the deleterious effects of forest fragmentation, distylous species may undergo a reduction in reproductive success (Byers, 1995; Brys, Jacquemyn, Endels, Hermy & Blust, 2003; Ramos & Santos, 2005; Lopes & Buzato, 2007) and an overall decrease in genetic diversity (Rossi, Oliveira, Venturini & Silva, 2009) . Conservation measures for distylous species will be more effective when genetic diversity within and among remnant populations are understood within the context of forest fragmentation.
in this study, we investigated the reproductive success and the genetic diversity of Psychotria hastisepala Müll. Arg., a plant species with a distylous system (Pereira, Vieira & Carvalho-Okano, 2006) . This study addressed the following questions: a) Do floral morphs of P. hastisepala (S or L) differ on reproductive success? b) is there any association between reproductive success rates and size of forest fragments? c) How is genetic diversity partitioned within and among forest fragments? d) is reproductive success linked to genetic diversity? Our study took into consideration the context of recent human-led fragmentation which presently dominates the Atlantic Forest of Southeastern Brazil. Addressing these questions should shed light on causes that render populations of a distylous species, such as P. hastisepala, more susceptible to local extinction when exposed to a scenario of forest fragmentation. in addition, our study contributes to the elaboration of strategies to protect a threatened ecosystem that strongly requires conservation measures.
MATERiALS AND METHODS

Study species:
Psychotria hastisepala is a distylous understory shrub; its distribution is restricted to Southeastern Brazil (Anderson, 1992) . P. hastisepala exhibits both sexual and asexual reproduction; it form clumps of up to seven ramets (C.A. Silva, personal communication, March 18, 2008) . The species is selfincompatible, both at plant and at morph levels (Pereira et al., 2006) ; therefore, reproduction takes place exclusively by intermorph pollination. insects are the most likely pollinators (C.A. Silva, personal communication, March 18, 2008) . The flowers are white, tubular, last for 24h and are reciprocally herkogamous; the stigma, lobes, and corolla are significantly larger in S than in L morphs (Pereira et al., 2006) . Flowers are grouped in terminal inflorescences protected by paleaceous bracts that remain in the inflorescence until fruiting. The species produces drupaceous fruits, which exhibit a blue color when ripe and are bird-dispersed (sensu van der Pijl, 1982) . A voucher specimen was deposited in the herbarium ViC (No. 26.964).
Study sites:
Originally, continuous forests covered the study area (Rizzini, 1992) . Nevertheless, the present-day vegetation is formed predominantly by patches of pastures of molasses grass (Melinis minutiflora Beauv.) intermingled with fragments of secondary forests at different succession stages. Primary vegetation is rare in this part of the country (less than 1%); most of the forest fragments are between 20 and 90 years old (Ribon, Simon & Mattos, 2003) . Overall, the mean altitude is 690masl mean annual rainfall is 1 221mm, and the mean annual temperature ranges from 19 to 22ºC; the climate is strongly seasonal, with mild, rainy summers and dry winters (Marangon, Soares & Feliciano, 2003) . Preliminary field surveys were carried out in 18 forest fragments and indicated that P. hastisepala occurred only in seven of them: Bárbara Rubim (BR) (20º49'53" S -42º50'59" W), Sítio Cristais (SC) (20º46'47" S -42º50'01" W), Sítio Agostinho (SA) (20º45'50" S -42º50'18" W), Sítio Nico (SN) (20º47'37" S -42º50'42" W), Mata Biologia (MB) (20º45'23" S -42º52'19" W), Sítio Quim-Quim (QQ) (20º49'51" S -42º55'50" W) e Mata do Paraíso (MP) (20º48'07"S -42º51'29" W). For each of the seven forest fragment, we inspected visually the adjacent areas and recorded the surrounding vegetation cover (matrix); we also estimated the size of the fragment with the help of a global positioning system (GPS). The impact of anthropogenic changes was assessed using presence/absence field data, which recorded whether the surrounding areas were used for agricultural purpose, pastures or civil constructions (buildings and roads). Because P. hastisepala is associated with shady, forested areas, we evaluated habitat quality based on the presence or absence of understory favorable to the occurrence of the species.
Reproductive success: Overall, the number of plants of P. hastisepala per fragment was estimated to be less than 50. While choosing plants for this study, we applied a minimum distance of 3m between specimens to minimize the likelihood of sampling clones.
To estimate reproductive success, we evaluated fruit and seed production under natural pollination. For each fragment, the number of study plants varied from one up to 10 per morph (mean=6.5). in total, we sampled 91 plants (54 for S morph and 37 for L morph). We choose randomly one to five inflorescences per plant (mean=4.7; total=425); fruits and seeds of each inflorescence were counted; the mean seed production per morph and the mean seed production per fragment was calculated.
DNA extraction and ISSR amplification:
Total genomic DNA was extracted in accordance with the procedure described in Rossi et al. (2009) from leaf material (approximately 100mg) sampled from each of the 91 plants (54 for S morph and 37 for L morph) used for the studies of reproductive success. Genomic DNA from all plants was archived in our laboratory at the Federal University of Viçosa, Brazil.
For iSSR amplification, a total of 20 iSSR primers (UBC primer set #9, Biotechnology Laboratory, University of British Columbia, Canada) were evaluated using two randomly chosen plants of each morph per forest fragment. Ten primers produced strong bands and were evaluated further for iSSR polymorphism. Thereafter, amplification conditions, annealing temperatures and primer concentrations were optimized using the procedures described in Rossi et al. (2009) .
Final PCR amplifications were carried out in a total volume of 20mL, consisting of 20ng DNA template, 2.0mL 10x PCR buffer (Phoneutria), 2.5mMMgCl 2, 0.2mM of each dNTP, 2% formamide, 0.2mM primer, 0.75U Taq DNA polymerase (Phoneutria) and ultrapure water. PCR amplification was programmed on a GeneAmp PCR System 9700 thermal cycler (Applied Biosystems) under the following conditions: denaturation at 94°C for five minutes, 35 cycles of 45s denaturation at 94ºC, 45s annealing at 45 or 52ºC (according to the primer), 90s extension at 72ºC, followed by an additional seven min extension at 72ºC. Amplification products were separated via electrophoresis on 1.5% (w/v) agarose gels with 1x TBE buffer at constant voltage (110V) for approximately four hours. Negative controls, in which the DNA template was intentionally omitted, were also amplified. A typical gel carried two sets of 12 samples and each set was flanked on both sides by a 100bp DNA Ladder (invitrogen). The gel was stained with ethidium bromide (0.6ng/mL) for about 30min and then photographed under UV light using a gel documentation system (Eagle Eye ii, Stratagene). To ensure consistency during band size measurement, the images were grouped according to the iSSR primer and compared side-by-side on a computer screen.
Statistical analyses for reproductive success were run using general linear modeling one-way ANOVA with Statistica (Stat Soft, 2002) .
iSSR bands were treated as dominant genetic markers and scored as 1 (present) or 0 (absent) binary characters. Only polymorphic bands that could be unambiguously scored across all the surveyed plants were considered for further analyses. The resulting data was analyzed using POPGENE 1.31 (Yeh, Yang, & Boyle, 1999) to estimate the following three parameters of genetic diversity: P, percentage of polymorphism (P, %), Shannon diversity index (i) and Nei's genetic diversity index H E , (Nei, 1973) . Population differentiation was estimated by analysis of molecular variance (AMOVA, Excoffier, Smouse & Quattro, 1992) using Arlequin 3.01 (Excoffier, Laval, & Schneider, 2006) . AMOVA examined how genetic diversity was partitioned within and among fragments at morph level. The significance of the genetic differentiation was tested with 1 000 permutations, where P denotes the probability of having a more extreme variance component than the observed values by chance alone. The Mantel test (Mantel, 1967) with 500 permutations as implemented in Genes (Cruz, 1997) was used to test the correlation between the total number of seed and the size of the fragment. Principal coordinate analysis (PCoA) was carried out at the plant level based on Nei and Li's (1979) coefficient using NTSYSpc 2.2 (Rohlf, 2005) .
RESULTS
Study sites:
The seven study fragments exhibited different shapes, with sizes ranging from 4.1 to 168.7 hectares (Table 1, Fig.  1 ). Matrices surrounding the fragments were mainly of agricultural origin: pastures (25-50%), monocultures, such as eucalyptus, coffee or maize (33-50%), and rural constructions, such as roads and buildings (14-28.5%).
Reproductive success: Plants of the S morph produced significantly more fruits and more seeds (p<0.05) than plants of the L morph. in both morphs, there were significantly more fruits bearing two seeds than one seed (p<0.05); with fragment QQ being the only exception. in QQ, L-morph plants produced 68.4% of fruits bearing only one seed (Table 1) . The Mantel test (r=-0.2057, p=0.6389) showed no correlation between the total number of seeds and the size of the fragment. For example, plants of the smallest forest fragment (BR, with only 4.1 hectares) produced about 43 seeds on average, while plants of the largest fragment (QQ, with 145 hectares) produced only about 11 seeds on average (Table 1) .
ISSR polymorphism and genetic diversity:
We scored a total of 89 reproducible bands; most of which (98.88%) showed polymorphism. Among fragments, the percentage of polymorphic bands ranged from 29.21 to 77.53% (Table 2) . Fragments with larger number of plants exhibited higher levels of genetic diversity, as estimated by Nei's gene diversity index (H E ) and Shannon and Weaver's (1949) index (i) (Table 2); they also presented higher rates of reproductive success (Table 1) . At morph level, Nei's genetic diversity index (0.33 and 0.31 for B and L, respectively) and on Shannon's index of diversity (0.49 and 0.46 for B and L, respectively) exhibited similar values.
AMOVA showed that 64.5% of the total genetic diversity in plants was due to differences within fragments and 35.5% was explained by differences between fragments (Table  3) . When fragments were separated into two groups of reproductive success (higher and lower), 37.9% of the total genetic diversity was caused by differences between fragments in each group, while 65.5% was due to differences among plants. The above results were that fragments BR and QQ formed the pair that displayed the lowest level of genetic differentiation (0.1707). Nevertheless, BR differed from QQ in fragment size (4.1 x 145ha, respectively), number of study plants (20 x 14, respectively), and number of seeds produced (868 and 1547, respectively) ( Table 1 ).
DiSCUSSiON
The loss of suitable habitats accounts for the extinction of many plant species in the Neotropics (Fahrig, 2003; De Sanctis et al., 2010) . Our data showed that there were instances in which small fragments harbored large populations of P. hastisepala, whereas large fragments contained a small number of plants. Moreover, the species was not present in 11 forest fragments (out of 18 we initially surveyed). Additional work is necessary to investigate further what ecological and genetic forces caused P. hastisepala to be absent from many fragments; population decline due to poor habitat quality cannot be rule out at the moment.
Our results clearly showed that reproductive success in P. hastisepala did not depend on the size of the forest fragment. Although BR was the smallest forest fragment, it displayed an understory that provided P. hastisepala with habitat quality such that the plants on this fragment produced the highest seed set per plant amongst the fragments we analyzed. in fragment BR, unlike other neighboring forest fragments, forest-disturbing activities that cause genetic erosion (Oliveira & Martins, 2002) , such as cattle movement, cattle grazing, logging, and understory clearing, were not allowed.
The quality of the cover matrix and proximity among fragments may foster a higher rate of reproductive success in P. hastisepala. SN, for example, was a fragment that contained only six plants, which produced each over 30 seeds per plant. The fragment is located at a distance of about 250m from MP, the largest fragment in the study area. The short distance between fragments may allow pollinators to fly in and out of SN from MP, and therefore accomplish efficient pollinator services within SN. in other circumstances, where the distances are large, the cover matrix may work as a selective barrier and hamper the dispersal of plant pollinators, as they may not be able to cross it at a frequency efficient enough to accomplish pollination (Pires, Fernandez & Barros, 2006) . The higher reproductive success rate of the S morph over L morph of P. hastisepala may be related to the morphological dimorphisms found in distylous species (Pereira et al., 2006; Koch, Silva, & Silva, 2010) . in the L morph, stigma exposure may favor geitonogamy and the low fruit set we uncovered may result from stigma clogging due to the deposition of incompatible pollen grains. in the distylous Turnera ulmifolia L. (Turneraceae), for example, occlusion of stigmas may result in lower fruit set in the L morph as compared to the S morph (Shore & Barrett, 1984) .
Because P. hastisepala is a cross-pollinated species, its reproductive success depends on the availability of pollinators. Some studies have found a relationship between reproductive success and population size (Aizen & Feinsinger, 1994; Krauss, Hermanutz, Hopper, & Coates, 2007) , suggesting that seed production may be lower in small fragments (Spears, 1987; Jennersten, 1988; Aguilar & Galeto, 2004) as fragments of small sizes may be less attractive to pollinating insects (Ohara, Tomimatsu, Takada, & Kawano, 2006) . On the other hand, other studies suggested that floral resources for pollinators may not necessarily decrease linearly with the fragment size, because small fragments may be able to maintain or attract several pollinating insect species (Donaldson et al., 2002) . Our results suggested that pollen deposition was effective for P. hastisepala even within fragments that harbor a relatively small number of plants.
Most of the genetic diversity in P. hastisepala was found within fragments. Similar findings were also reported for other tropical, cross-pollinating species such as Mabea fistulifera (Goulart et al., 2005) and Psychotria ipecacuanha (Rossi et al., 2009 ) and species with vegetative reproduction, such as Psammochloa villosa (Li & Ge, 2001) . in general, high genetic diversity values within populations are expected in xenogamous species (Nybom & Bartish, 2000) , while in autogamous species such as Coffea arabica (Rubiaceae) values of total diversity are relatively high and genetic diversity within populations low (Aga, Bekele, & Bryngelsson, 2005) . High genetic diversity was reported for endemic species (Kang, Chang, & Kim, 2000; Gomes, Collevatti, Silveira, & Fernandes, 2004 ) whose genetic variability is maintained by their own particular reproductive mechanisms or strategies. Therefore, the greater genetic divergence within P. hastisepala populations may be explained by its self-incompatibility and vegetative reproduction, due to the maintenance of genetic variability by the clones in the latter case.
The absence of clear relationships between geographic and genetic distances between the forest fragments may also be due to other environmental factors. According to Schaal, Hayworth, Olsen, Rauscher, and Smith (1998) , ecological factors, such as influence the genetic structure and inter-populational gene exchange. Apart from the ecological, historical factors may also explain the low genetic diversity observed in the forest fragments. in the past, the fragments may have been linked to each another over a long time, forming a continuous vegetation mass. Possibly the fragmentation was too recent to allow higher genetic divergence values. in summary, our results showed that the reproductive success of P. hastisepala does not depend on the fragment size. Local environmental characteristics play a decisive role in the species' maintenance. Lower genetic diversity values were observed in fragments with small populations of the species and with more marked habitat loss. All fragments analyzed in the present study are potentially vulnerable to a fast population decline, as a consequence of forest fragmentation.
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RESUMEN
Los impactos de la fragmentación de los bosques tanto en la biología reproductiva como en la diversidad genética de las especies de plantas nativas apenas se entienden, a pesar de que algunos estudios han analizado este problema mundial. Dado que esto constituye una de las principales amenazas para los bosques semi-deciduos estacionales en el sureste de Brasil, se investigó el éxito reproductivo y la diversidad genética de un arbusto de sotobosque, Psychotria hastisepala, en un bosque fragmentado. Para este estudio, se seleccionaron siete fragmentos de tamaños que van desde 4.1 hasta 168.7 hectáreas. La matriz intervenida comprende pastos (25-50%), monocultivos (33-50%) y carreteras y edificios rurales (14-28.5%). En total, 91 plantas fueron investigadas (54 morfos florales brevistilo y 37 longistilo, con una media de 6.5 plantas por fragmento). Para evaluar el éxito reproductivo, se cuantificó la producción de frutos y semillas de plantas con polinización natural; para evaluar la diversidad genética y la estructura poblacional, se emplearon marcadores iSSR en el ADN genómico. Las plantas con morfo brevistilo exhibieron un éxito reproductivo significativamente más alto que las longistilo, no hubo asociación entre la producción de semillas y el tamaño del fragmento de bosque. Los niveles de diversidad genética se asociaron positivamente con el número de plantas por fragmento, pero que no estaban relacionados con los morfos florales. AMOVA mostró que alrededor del 65% de la variación genética en general se atribuyó a las diferencias entre plantas dentro de fragmentos. Los resultados sugieren que las poblaciones de P. hastisepala fueron susceptibles a disminuir debido a la fragmentación de los bosques.
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